DISCLAIMER
Portions of this document may be iilegible in electronic image products. Images are produced from the best available original document.
Introduction
The detection of nitrogen dioxide via optical sensing has received growing interest as an alternative to sensors based on electrical resistance at high temperature [1] .
Various techniques have been employed, which include fluorescence [2] , W-vis absorption [3] , refractive index [4] , and surface plasmon resonance (SPR) [5] . The sensor materials typically consist of robust optical dyes, such as metal phthalocyanines [6] , porphyrins [2] , and azobenzenes [7] , applied to various surfaces using LangmuirBlodge~t (LB) fiim deposition [8] , vapor deposition [5] , and dip coating [7] techniques.
The sensor materials and optical platforms offer several advantages over electrical based systems, most important of which is the remote sensing capability and absence of electrical contacts, a problem for ignitable environments. A current drawback with these sensor films, however, is the poor reversibility observed at room temperature [2, 5, 6, 8, 9] .
But, for specific applications where continuous NOZevolution is concerned or for uses as dosimeters these sensor films should attract further interest.
III a particular application involving the monitoring of high explosive (HE) materials (e.g., rocket fuel, explosives) degradation, optical sensor systems are well suited for in situ detection of NOXbuildup. HE materials are commonly composed of nitrated hydrocarbons that breakdown slowly over time to release N02, NO, N20, as well as other byproducts [10] . Continuous monitoring of N02 evolution could provide a means to evaluate the level of HE material degradation. In such applications where the breakdown and release of N02 gases as well as the storage time of the materials is on the order of years, a robust sensor fii with response times of hours to days would be suitable.
Described herein is the preparation and characterization of an inexpensive, robust, and readily prepared NOZsensor film using perylene as a fluorophore dye immobilized in a polymethylmethacrylate (PMMA) film. The film was prepared through spin casting of a PWperylene solution in chlorobenzene on a glass coverslip. Upon exposure to N02 the film's fluorescence, measured at 442 nm, was quenched irreversibly. Using various spectroscopic techniques, NOZwas found to react with perylene to form the nonfluorescent nitroperylene. Response times of minutes to hours were observed for concentrations above 0.1% NOZin nitrogen. At mid-to-low ppm levels of NOZthe response times were long, often running into days or weeks. The fluorescence response vs. time data could be described using a predictive model involving coupled diffusion and nonlinear chemical reaction. The model provides a means to identify unknown N02 gas concentrations in static conditions and maybe configured to systems involving gas evolution.
Experimental '
All solvents and reagents were obtained from Aldrich in reagent grade and used as received. Tetrahydrofuran (Aldrich) used for W-vis spectral analyses was of spectroscopic grade. For the preparation of the sensor ftis, perylene was dissolved in a solution of 20% PMMA (Mw = 75,000) in chlorobenzene at a concentration of 2 mM.
The mixture was stirred on an orbit shaker for a few days to ensure complete solvation of the polymer and homogeneity of the solution. N02 exposure of the fti was performed under static conditions using gas tight Pyrex glass vessels. A typical exposure experiment was as follows: one sensor fti was placed in a 500 mL vessel which was then evacuated to 50 pmHg and backfilled with nitrogen to atmospheric pressure. The process was repeated twice, evacuated once more then backfilled with a NO#2 gas mixture (Matheson Gas Co., Denver, CO). Three gas mixtures of 10 ppm, 100 ppm, and 1000 ppm NOz/N2were used in this investigation. 
Results and Discussion
Several polymers were evaluated as supporting matrices for the dye imbibed sensor films. These were polystyrene, polyethylene glycol (PEG), ethylcellulose, polydimethylsi.loxane (PDMS), and polymethylmethacrylate (PMMA). The films prepared with PMMA gave the best overall properties and performance. The fluorescence emission of a thin PMMA film imbibed with perylene dye is shown in NOZexposure to the perylene/P MNIA fdm induced a decrease in the overall spectral intensity of the fluorescence emission. Figure 1 shows the fluorescence spectra of a fdm prior to (A) and after (B) exposure to 1000 ppm N02 for 1 hour at room temperature.
Clz, and NHg
The response is irreversible and selective for N02 Exposure to SOZ,CO, at concentrations up to 1000 ppm in a nitrogen atmosphere produced no fluorescence changes even after exposures of over 10 days. The fdms were also stable in air yielding no detectable optical changes in the fti upon storage in the dark over a sixmonth period.
InsertFigure 1
The fluorescence quenching observed with these fti upon NOZexposure is believed to be due to an irreversible reaction with perylene to produce non-fluorescent nitroperylene adducts (Figure 2 ) [12, 13] . Nitration products of perylene in the exposed films were identified through JR, W-vis, and fluorescence spectroscopes. The dark red powders of 1-and 3-nitroperylene were prepared and isolated for use as a comparison with the exposed films. Films exposed to the higher concentrations of NOZover extended periods of time became reddish in color. Infrared spectra of these fti exhibited absorption at 1526 and 1340 cm-l, indicative of the -N02 asymmetric and symmetric stietch, respectively, for both 1-and 3-nitroperylene [12] . No absorption at these wavenumbers are observed in the fti prior to exposure. The W-vis spectra of exposed films yielded absorption at 470 nrn confiig the presence of the nitroperylene isomers. Figure 3 shows W-vis spectra of a film prior to (A) and after (B) exposure to 1000 ppm NOz/Nz gas for 4 hours. Bartlett and Gardner recently analyzed the situation of coupled diffusion and nonlinear chemical reaction within homogeneous thin fdms [14] . Assuming the local chemical reaction can be described by second order kinetics, the concentration a(x,t) of the diffusing species is described by the following equation, .,-,s. .,,. .,. h,,., .-. . Based on the fit of Equation 2 with the experimental data, we feel that the assumptions made are reasonably accurate and that there is no kinetic barrier at the fti surface, the binding is in accord to a Langmuir isotherm, there are non-linear kinetics, and the film is saturated at equilibrium. The most important conclusion is that there are slow reaction kinetics compared to diffi.wionand the forward reaction constant fit to experimental data &-0.06 (pprnrnin)-l for the particular material tested. Improving the sensor reported on here will require more sites or a faster reaction constant, which may affect diffusion and change conditions for performance.
The model above allows a facile determination of atmospheric concentration of NOZusing the sensor material's rate of response. For conditions where a constant concentration of N02 is being sampled an accurate measurement can now be attained. In applications where the N02 concentration continuously evolves, as in HE material degradation, modifications to the model can be made to quantify N02 concentrations at specific time intervals. We are currently addressing this issue and will describe these efforts in forthcoming publications.
Conclusions
Thin films of perylene doped PMMA provide robust and selective optical sensor materials for the detection of NOZin the gas phase. The materials are easily prepared, inexpensive, and offer long shelf life at ambient conditions. These materials also can be readily configured to existing off-the-shelf optical hardware (i.e., LED excitation sources, compact CCD spectrometers) for remote sensing applications. Fluorescence quenching of the sensor fdms upon exposure to N02 was determined to be caused by the formation of nitroperylene. The observed fluorescence response vs. time data could be described using a dimensionless analysis involving coupled diffusion with a nonlinear chemical reaction. Through this theoretical approach N02 concentrations in mixed gas systems can be determined. Figure 3 17 Time (hours) Figure 4 .
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